The spontaneous transition of strained two-dimensional ͑2D͒ films into homogeneous three-dimensional ͑3D͒ islands, the Stranski-Krastanow growth mode, 1 has attracted much scientific attention. It has led to the realization of selfassembled quantum dot ͑QD͒ structures with a wide range of technological applications resulting from the atomlike density of states. 2 However, many questions still remain in understanding how 3D islands form 3, 4 and the nature and distribution of strain and chemical composition within the resulting QDs. [5] [6] [7] In this letter, using direct x-ray phase retrieval methods, 8, 9 we present new insights on the internal structure of self-assembled InAs QDs epitaxially grown on GaAs substrates. The layer-by-layer composition and the atomic structure of the QDs, including the QD-substrate interface, are elucidated from 3D electron density maps. The maps were obtained by coherent Bragg rod analysis ͑COBRA͒ using x-ray diffraction at energies tuned close to the Ga and As x-ray absorption edges. The energies were selected to enhance chemical sensitivity, by exploiting the energy dependence of the scattering factors of the constituent elements of the system. 10 Our results reveal key aspects of the microscopic structure and morphology that may have an important bearing on their optoelectronic properties. In particular, we present direct structural evidence supporting previous photoluminescence-based claims that the wetting layer is largely consumed by the QDs at high coverage. 11 We will also show that the atomic-layer stacking undergoes a halfmonolayer shift from the substrate into the QD, accompanied by a bowing of the layers. This observation, together with the fact that there is no observable wetting layer in these high density QD samples, suggests that the QDs so formed are partially decoupled from the substrate with respect to their low-dimensional optoelectronic properties.
The self-assembled InAs QDs were grown epitaxially on a GaAs buffer layer prepared using a growth and in situ annealing sequence described in the supplementary materials. 12, 13 The GaAs buffer contains a high density of nucleation sites consisting of bilayer step-terraces and surface "mounds," 13, 14 which enabled the formation of a high density ͑6.4Ϯ 0.3ϫ 10 10 dots/ cm 2 ͒ of InAs QDs, with dimensions of 3.8Ϯ 0.5 nm ͑height͒ and 20Ϯ 5 nm ͑width͒, as evidenced by atomic force microscopy ͑AFM͒. Crosssectional scanning tunneling microscopy ͑XSTM͒ measurements were obtained on samples grown in a similar manner but capped with GaAs.
Surface diffraction experiments were carried out at the 7-ID and 33-ID undulator beamlines of the Advanced Photon Source, Argonne National Laboratory. Nine symmetryinequivalent Bragg rods were obtained at 10.362 and 11.862 keV, 5 eV below the Ga and As absorption edges, respectively. The rods measured were the 00L, 11L, 11L, 20L, 22L, 31L, 31L, 33L, and 33L rods with L max = 4.5 reciprocal lattice units and a sampling density of 40 points per GaAs reciprocal lattice unit.
The diffraction intensities were converted to real space 3D electron density maps using the COBRA algorithm. 8 The atoms in QDs do not form a strictly 2D periodic array but the atomic positions are registered with respect to the underlying substrate atoms. Therefore the COBRA-derived maps are the electron densities of the "folded" structure, 15 namely, the structure obtained by laterally translating each atom in the system to one substrate-defined 2D unit cell ͑UC͒ using substrate-defined 2D UC vectors.
Profiles normal to the surface through the group III ͑G-III͒ and V ͑G-V͒ lattice sites are shown in Fig. 1 for the data obtained at the two x-ray energies. The nominal QDsubstrate interface is located at z = 0. The larger, narrow peaks for z Ͻ 0 correspond to the substrate atoms. The As expected, the ratio between the integrated electron densities at the two energies through the G-V lattice sites in Fig. 1͑a͒ is equal to the ratio between the As atomic scattering factors at these energies. Similarly, the ratio between the substrate peaks in Fig. 1͑b͒ at z Ͻ 0 equals the ratio between the Ga scattering cross sections. The narrow peaks just below z =0 ͑marked with an asterisk͒ are smaller than the deeper substrate peaks, indicating that the topmost substrate layer is incomplete due to substrate surface roughness. The ratio between this pair of peaks also indicates GaAs stoichiometry demonstrating the absence of a wetting layer. On the other hand, the QD peaks at z Ͼ 0 in Fig. 1͑b͒ are approximately equal, suggesting that the G-III element in the QDs is In.
The In concentration, In , can be expressed quantitatively in terms of the ratio, R, between peak integrated electron densities measured at the As edge and the Ga edge as follows
where, S Ga As is the scattering factor of Ga measured at the As edge, etc. The results averaged over the two independent Ga lines are shown inset in Fig. 1͑a͒ . The In concentration is bound by unity on the upper side and the asymmetric error bars on the lower side. These results show that, at the interface, the In concentration rises sharply to close to unity within 1-1.5 UCs, while below the interface, it is essentially zero.
The average outer QD shape is also determined from the electron density profiles. The QD width, w͑z͒, can be expressed in terms of the fraction, ͑z͒, of the area covered by the QDs obtained from the electron density profiles and the QD density, n, determined from AFM measurements
A diagram of the QD shape inferred from this analysis is shown in Fig. 2 superimposed on the QD image obtained from XSTM measurements of a buried sample. 16 We have determined the in-plane relaxation of QDs by analyzing the in-plane electron density profiles as a function of the distance along the sample normal. These profiles were fit with Gaussians. The half-width at half-maximum ͑HWHM͒ of these Gaussians is a result of three contributions that add in quadrature: the experimental broadening resulting from the finite in-plane experimental range in reciprocal space, the thermal Debye-Waller ͑DW͒ factors, and the inplane displacements of the atoms relative to the underlying substrate atoms due to strain. The experimental broadening affects all layers equally and, assuming that the thermal DW factors are also approximately the same, we can remove these contributions using the in-plane HWHM for the substrate. The resulting average in-plane displacement, ⌬, is also shown inset in Fig. 1͑b͒ and can be used to calculate the percentage in-plane relaxation, ␦ UC
Here, N UC ͑z͒ is the number of UCs across a layer at z and a is the GaAs lattice constant. The results are shown inset in Fig. 1͑b͒ . Note that even the largest in-plane relaxation 1.07% is much smaller than the mismatch between bulk InAs and GaAs ͑7%͒. This means the QDs are almost fully strained all the way to the top of the QD.
Some features of the electron density profiles in Fig. 1 require further explanation. The QD peaks are broader in the vertical direction than the substrate peaks and have a more rectangular shape compared to the Gaussian-like peaks in the substrate. The spacing between the QD peak centers is equal to that of the substrate even though the lattice constant of InAs ͑c bulk = 0.606 nm͒ is significantly larger than that of GaAs͑c bulk = 0.565 nm͒. In addition, the entire sequence of QD peak center positions appears to be displaced toward the substrate by about half a UC.
In Fig. 3͑a͒ we present a cut through the electron density which highlights these features, and show a model of the system. The picture that emerges from our direct structure determination is that the QDs sit half a UC ͑one bilayer͒ below the uppermost substrate layer ͓see Fig. 3͑c͔͒ . This is consistent with the observation that the QDs nucleate close to bilayer steps. 13 We also infer from the shape and vertical broadening of the QD peaks that the layers in the QDs exhibit a distinct convex bowing resulting from compressive in-plane stress. The radius of curvature of the layers is esti- FIG. 1 . ͑Color online͒ Comparison of vertical electron density profiles through atomic positions for ͑a͒ As and ͑b͒ Ga ͑In͒ from electron density maps obtained from measurements close to the Ga K-edge ͑light͒ and the As K-edge ͑dark͒. The asterisk denotes fractionally occupied substrate layers. The substrate-QD In concentration profile is shown inset in ͑a͒. The profiles of the average in-plane atomic displacement, ⌬, and the corresponding inplane relaxation, are shown inset in ͑b͒.
FIG. 2.
͑Color online͒ Profile of the individual QD shape drawn to scale as determined by COBRA overlayed on a XSTM image of a buried QD sample.
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mated from the out-of-plane widths of the QD atomic peaks to be 1300 nmϮ 20%. The atoms on the perimeter of the QDs appear to be at the correct positions predicated by their registry with the substrate surface layer, whereas the bondlengths of the atoms inside the perimeter of this basal layer are dilated by ϳ1.5% due to the convex bending. The inset of Fig. 3͑b͒ shows the displacements of the atoms relative to an ideal GaAs lattice measured using both XSTM and COBRA with good agreement between the two. Both results show a similar shift in layer positions within the dots by about half a UC relative to the substrate layers. The two results cannot be expected to coincide exactly because the XSTM data were obtained on individual QDs while the COBRA data are an average over a very large number of QDs.
In conclusion, the COBRA method reveals details of the composition, atomic structure, and morphology of epitaxial InAs/GaAs QDs that are relevant to their optoelectronic applications. We show that the GaAs ͑substrate͒ to InAs ͑QDs͒ transition is sharp, occurring within 1-1.5 UCs. Our observations of the substrate-to-QD layer stacking corroborate the role of surface morphology in forming high density QD structures. 13 We find that the top layer of the substrate is incomplete and apparently indium-free; namely, we do not see any wetting layer. This provides unambiguous, structural evidence for the transfer of InAs from the wetting layer to the QDs at high coverage. 17, 18 The observed bowing of the atomic layers within the QDs, and consequent dilation at the interface, suggests a partial decoupling of the QDs from the substrate. The detailed results obtained in this work using surface x-ray diffraction and the COBRA method warrant a full theoretical analysis of the underlying electronic energy states leading to the observed atomic structure and the resulting optoelectronic properties of these systems. 
